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Layered magnetic transition-metal thiophosphate NiPS3 has unique two-dimensional (2D) mag-
netic properties and electronic behavior. The electronic band structure and corresponding magnetic
state are expected to sensitive to the interlayer interaction, which can be tuned by external pres-
sure. Here, we report an insulator-metal transition accompanied with magnetism collapse during
the 2D-3D crossover in structure induced by hydrostatic pressure. A two-stage phase transition from
monoclinic (C2/m) to trigonal (P 3¯1m) lattice is identified by ab initio simulation and confirmed
by high-pressure XRD and Raman data, corresponding to a layer by layer slip mechanism along
the a-axis. Temperature dependence resistance measurements and room temperature infrared spec-
troscopy show that the insulator-metal transition occurs near 20 GPa as well as magnetism collapse,
which is further confirmed by low temperature Raman measurement and theoretical calculation.
These results establish a strong correlation among the structural change, electric transport, and
magnetic phase transition and expand our understandings about the layered magnetic materials.
I. INTRODUCTION
Dimensionality plays an important role to determine
the structure, electronic and magnetic properties in most
condensed matter systems. The layered materials with
van der Waals (vdW) interaction provide a good platform
for us to study how the phases and interactions evolve
when the material is tuned from the two-dimensional
(2D) limit to the there-dimensional (3D) state. Since
graphene was first stripped from the natural graphite by
Andre Geim and Konstantin Novoselov [1], a large num-
ber of 2D materials with atomic thickness then became
the new favorite of the scientific community, such as 2D
transition metal dichalcogenides [2–4]. Recently, the lay-
ered transition metal trichalcogenides (MPX3; M = Fe,
Ni, Mn, etc.; X = S and Se) in antiferromagnetic (AFM)
state [5–13] have also attracted tremendous interests due
to their tunable electronic properties and the potential
applications in magnetic materials and spintronic devices
[14, 15]. These compounds are connected by vdW inter-
actions and bring both magnetism and correlated elec-
tron physics to the playground of vdW materials [16–19].
The MPX3 compounds are typical 2D antiferromag-
netic materials, the axial distortion of the MX6 octahe-
dron is likely to produce anisotropy that can dominate
the spin dimension (Ising, XY or Heisenberg model). For
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example, FePS3 uses the Ising model, NiPS3 uses the XY
model, and MnPS3 uses the Heisenberg model [6, 9, 20].
The magnetic exchange of these compounds is mainly
super-exchange interaction, and the sign and property
of the super-exchange interaction depend on the M-S-
M angle of the metal ion and the electron occupancy
rate. Also, some MPX3 materials exhibit more than one
magnetic phase transition with changes in temperature.
Therefore, it is of great significance to extend the perfor-
mance of these MPX3 materials to the field of spintronics.
In addition to magnetism, MPX3 compounds also have
rich electronic properties. Many of these materials are
Mott or Charge-Transfer insulators with a wide range of
electronic band gaps from 0.25 eV to 3.5 eV [19, 21–27],
and can be tuned by changing parameters. For example,
in the MoS2 system, the monolayer MoS2 changes from
a direct bandgap to an indirect bandgap semiconductor
under high pressure, while the bulk material MoS2 un-
dergoes a metallic transition under high pressure [28].
In addition, there are many research groups that have
conducted many high-pressure studies on MPX3 and re-
ported or predicted the insulator-metal transition [29–
36].
With the rapid development of 2D materials, high pres-
sure has already become a very important parameter to
tune the states of materials and study their fundamental
physical properties, such as structural phase transition,
electronic behavior and even magnetism. For example, as
mentioned above, at sufficient pressure, the band gap of
many materials can close and experience insulator-metal
transition. Many novel and rich physical properties can
be obtained through pressure regulation. MPX3 provide
a good platform for us to study how the phases and in-
teractions evolve when the system is tuned from the 2D
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FIG. 1: (Color online) Scheme of the NiPS3 structure evolution under high pressure. The Ni atoms are shown in green, the P
atoms are shown in purple, and the S atoms are shown in yellow. (a) Enthalpy of different phases relative to LP under pressure.
(b) LP structure for NiPS3 with space group C2/m (view along b-axis). (c) HP I structure for NiPS3 with space group C2/m,
which slides a/3 along the a-axis relative to the LP phase. (d) HP II structure for NiPS3 with space group P 3¯1m, which slides
a/2 along the a-axis relative to the LP phase. The figures were created using the VESTA software.
limit to the 3D state through pressure.
In this paper, we report a systematic study on the
structure, electronics and magnetism of NiPS3 under
pressure. A two-stage phase transition which undergoes
2D-3D crossover is found in bulk NiPS3 by ab initio cal-
culations, high-pressure XRD and Raman measurements.
During the whole structure phase transition, the inter-
layer distance changes more obviously compared with
other unit cell parameters. The first structural phase
transition occurs at about 15 GPa, and the new struc-
ture has the same space group (C2/m) as the ambient
structure with a a/3 slip along the a-axis. Meanwhile,
the magnetism collapse and insulator-metal transition
in pressurized bulk NiPS3 are observed around 20 GPa
through high-pressure resistance, infrared, Raman and
other measurements. The second structural phase tran-
sition occurs at about 27 GPa with a a/2 slip along the
a-axis, and its space group becomes P 3¯1m, exhibiting 3D
behavior.
II. RESULTS AND DISCUSSION
A. Structure phase transition
At ambient condition, NiPS3 has a layered structure
in monoclinic (C2/m, No. 12) symmetry [21, 37]. In
order to explore the structure changes of NiPS3 under
pressure, we have performed a detailed ab initio simula-
tion using a double cell along the c-axis [see Fig. 1(b)].
Several possible structures are considered via a layer by
layer slip mechanism along the a-axis. Fig. 1(a) displays
the enthalpy change of different phases relative to the
original monoclinic phase under pressure. According to
the principle of lowest energy, we confirm three phases
up to 40 GPa. We temporarily define the structure at
0 GPa as low pressure phase (LP); the phase at 20 GPa
is defined as high pressure phase I (HP-I); the one at 30
GPa is defined as high pressure phase II (HP-II). The LP
phase is existing below 16 GPa, HP-II phase is more fav-
erable above 28 GPa, and HP-I phase is located between
16∼28 GPa, showing as an intermediate state. Fig. 1(b)
displays the crystal structure of the LP phase of NiPS3.
Viewed along b-axis, we can see the well separated sand-
wich layers associated with weak interlayer vdW inter-
action. The HP-I structure has a a/3 slip along a-axis
[Fig. 1(c)]. The slip between the ab planes with pressure
is feasible as the planes are only weakly bound by vdW
forces and they can slide easily over one another. LP and
HP-I phases are isostructural phase transition, they have
the same space group C2/m. The HP-II structure has
a a/2 slip along a-axis [Fig. 1(d)]. This phase transi-
tion leads to the closely related P 3¯1m (No. 162) trigo-
nal structure which adopts a higher symmetry in para-
magnetic state (see Fig. 5). From LP to HP-II phase
of the entire structure evolution process, we can clearly
see a 2D-3D crossover, relative to the intermediate state
of HP-I phase. These results suggest a two-stage phase
transition process from monoclinic (C2/m) to trigonal
(P 3¯1m) structure via a layer by layer slip mechanism
under pressure.
To verify the calculated structure model, we have con-
ducted a high-pressure XRD measurement of NiPS3. The
diffraction patterns evolved with pressure are presented
in Fig. 2(a). From the diffraction patterns, two dis-
tinct phase transitions can be observed near 15 GPa and
27 GPa, respectively. The first phase transition begins
at approximately 15 GPa and completely transitions to
another phase around 20 GPa. The second phase transi-
tion occurs at approximately 27 GPa. For the first phase
transition, there is a new diffraction peak develops while
other peak disappears. The evolution of the peak around
14.5◦ begins to occur near 15 GPa. It evolves into a new
peak at about 20 GPa and then becomes another phase
upon this pressure. In addition to this change, the other
two diffraction peaks ∼ 12.5◦ and ∼ 16.0◦ [see Fig. 2(b)]
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FIG. 2: (Color online) In situ x-ray diffraction study on NiPS3 powder sample. (a) The diffraction pattern of NiPS3 evolved
with pressure , and the x-rays wavelength was λ = 0.6199 Å. (b) The detail information of diffraction pattern of NiPS3 from
12.0◦ to 16.8◦. (c) Experimental cell parameters a as a function of applied pressure for the LP and HP phases of NiPS3. (d)
Experimental cell parameters b as a function of applied pressure for the LP and HP phases of NiPS3. (e) Experimental cell
parameters c as a function of applied pressure for the LP and HP phases of NiPS3. (f) Experimental cell volumes as a function
of applied pressure for the LP and HP phases of NiPS3.
also have corresponding responses around 15 GPa. Be-
low 15 GPa, the peak around 12.5◦ gradually moves to
a higher angle as the pressure gradually increases, while
above 15 GPa, it moves to a lower angle first, and then
continues to move to a high angle as the pressure in-
creases; On the other hand, below 15 GPa, the intensity
of the peak around 16.0◦ increases with increasing pres-
sure, while above 15 GPa, the intensity of this diffrac-
tion peak weakens with increasing pressure. Based on
the above phenomena, we believe that NiPS3 undergoes
the first phase transition occurs around 15 GPa. The
phase transition around 15 GPa has also been verified
in the Raman scattering measurement (see Fig. S1 in
the Supplementary Material [38]). For the second phase
transition at approximately 27 GPa, there are also new
diffraction peaks develop while one peak disappears. The
diffraction peak around 6◦ disappears, and two new peaks
appear around 6.5◦ and 14.5◦ at approximately 27 GPa.
Our experimental results are well consistent with the cal-
culated results shown in Fig. 1(a).
Fig. 2(c-f) shows the experimental cell parameters as
a function of applied pressure for the LP and HP phases
of NiPS3. From Fig. 2(c-e) we can see that all the lat-
tice parameters a, b and c are in a consistent trend when
they are below 10 GPa. This interval is the LP phase. In
contrast, in the pressure range of 10-15 GPa, the change
trend of the unit cell parameters slow down with increas-
ing pressure. This interval should be a transition interval.
All unit cell parameters a, b and c above 15 GPa change
suddenly, and the volume gradually decreases with in-
creasing pressure [Fig. 2(f)]. The lattice parameter a
decreases by 0.5% [Fig. 2(c)], b increases by 2.1% [Fig.
2(d)], and c decreases by 5.4% [Fig. 2(e)]. Compared
with the unit cell parameters a and b, the unit cell pa-
rameter c which includes the vdW gap decreases rather
rapidly with the pressure . So the effect of pressure on the
interlayer is greater. In this interval, a structural phase
transition should occur, which is a HP-I phase. This HP-
I and LP phase adopt the same space group of C2/m.
Thus, monoclinic unit cells with space group C2/m were
adopted for cell parameter fitting for NiPS3. However,
because the XRD peaks above 30 GPa are weaker, fewer
and wider, it is difficult to fit. So the fitting data above
30 GPa is not given. In addition, because 27-30 GPa be-
longs to the transition interval, so in this interval we still
use the HP-I structure for fitting. It can be found from
the fitting result that the change of the unit cell param-
eters are the same as the result given by the simulation
calculation. The obvious decline of the interlayer dis-
tance also provides more favorable conditions for 2D-3D
crossover.
B. Insulator-Metal transition
The infrared measurement has important guiding sig-
nificance for us to understand the high-pressure elec-
tronic behavior of materials, therefore, we performed
infrared measurement on bulk NiPS3 under high pres-
sure. The high-pressure infrared measurement includes
two parts: transmittance and reflectance. The trans-
mittance of the insulator is close to 1, and the trans-
mittance of metal is close to 0. As can be seen from
Fig. 3(a), under ambient pressure, the transmittance
of NiPS3 is close to 1, which is an insulator. As the
pressure gradually increases, the transmittance of NiPS3
gradually decreases, indicating that its band gap is grad-
ually decreasing, and the insulator gradually transitions
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FIG. 3: (Color online) Electronic behavior of bulk NiPS3 crystal under high pressure. (a-b) The infrared measurement of bulk
NiPS3 under different pressures: (a) transmittance. (b) reflectance. (c-f) Temperature dependent resistance of NiPS3: 14.2
GPa, 17.2 GPa, 20.2 GPa, and 24.7 GPa, respectively. An insulator-metal transition occurred at about 20 GPa.
to metal. When the pressure increases to 20.9 GPa, the
transmittance of NiPS3 is close to 0, and it becomes a
metal. As the pressure continues to increase, the trans-
mittance of NiPS3 no longer changes. In addition, as
the reflectance increases, the metallicity will increase, so
we continue to observe the metallization process through
reflectance. By observing the change of reflectance un-
der different pressures, we also got the same conclusion.
From Fig. 3(b), we can see that the reflectance is small
and the interference is strong at 10 GPa. As the pressure
gradually increases, the reflectance increases, and the
spectrum gradually smoothes. At around 20.9 GPa, the
spectrum becomes very smooth , suggesting that there is
no interference between top surface and bottom surface
of NiPS3 crystal, which is a typical character of metal-
lic behavior. The reflectance increases significantly when
pressure reaches 24.4 GPa, above which reflectance tends
to be stable. The signal around 2000 cm−1 is the ab-
sorption signal of diamond. In addition, we also clearly
observed the metallization process by optic reflection pic-
ture of NiPS3. For details, see Fig. S2 in Supplementary
Material [38].
In order to verify the accuracy of the metallization be-
havior, we measured the resistance of bulk NiPS3 under
high pressure. Temperature-dependent resistance under
different pressures are plotted in Fig. 3(c-f). A transi-
tion from insulator to metal is seen around 20 GPa. From
Fig. 3(c-f) we can see that as the pressure gradually in-
creases, the resistance is gradually suppressed, and there
is a decrease in magnitude. For details, see Fig. S3 in
Supplementary Material [38]. Through Fig. 3(c-f) we
can see the metallization process of NiPS3. At 14.2 GPa
the data appears as an insulator and to be an interme-
diate state at 17.2 GPa [Fig. 3(c) and (d)]. Continue to
increase pressure to about 20.2 GPa [Fig. 3(e)], the sam-
ple completely metallized. We continue to increase the
pressure until 24.7 GPa [Fig. 3(f)], NiPS3 still maintains
a good metal behavior. This measurement confirms the
result of infrared measurement.
The above measurement methods have clearly con-
firmed that the bulk NiPS3 will undergo an insulator-
metal phase transition under pressure. At present, re-
lated articles predict that monolayer MPX3 will still
maintain insulator or semiconductor behavior under pres-
sure without metallization [39]. That is, the bulk NiPS3
exhibits 3D characteristics that are different from "pure"
2D (monolayer) NiPS3. We speculate that the difference
in behavior between bulk NiPS3 and monolayer NiPS3
may be caused by the interlayer interaction.
C. Magnetic property
In order to verify the correlation between the magnetic
properties and the interlayer interaction of NiPS3, we
have measured and calculated the magnetic properties
of NiPS3. By performing temperature-dependent Ra-
man scattering measurements on bulk NiPS3 from 5.6
to 300 K at ambient pressure, we discovered the two-
magnon signal of NiPS3 centered at 550 cm−1. Details
can be seen in Fig. S4 in the Supplementary Material
[38]. Consistent with the results measured in other ar-
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FIG. 4: (Color online) Magnetic behavior of NiPS3 crystal under high pressure. (a) Raman spectra of bulk NiPS3 in cross-
polarization configuration under different pressures at 5 K. (b) Two-magnon area of bulk NiPS3 in cross-polarization configu-
ration under different pressures, the data points in (b) are extracted from Raman spectra in (a). (c) The moment of NiPS3 on
Ni under different pressures.
ticles [40, 41]. In order to investigate the effect of pres-
sure on two-magnon, we conducted the Raman measure-
ments of bulk NiPS3 in the cross-polarization configu-
ration under different pressures at the low temperature
of 5 K [Fig. 4(a)]. In the cross-polarization configu-
ration, some phonons, especially those superimposed on
the two-magnon, are suppressed, so the two-magnon sig-
nal in this configuration is clearer. From these data
we can find that the two-magnon signal was gradually
suppressed and shift towards higher frequencies as the
pressure increased. The two-magnon signal became very
small around 22 GPa and was totally suppressed around
27 GPa. Such a rule is also satisfied under different po-
larization configurations and different temperatures. For
details, see Fig. S5 and S6 in Supplementary Material
[38]. In order to quantitatively describe the change of
magnetism with pressure, we fitted the data in Fig. 4(a)
and gave the two-magnon area of bulk NiPS3 under dif-
ferent pressures [Fig. 4(b)]. From Fig. 4(b), we can see
that the area of the two-magnon decreases with increas-
ing pressure. When the pressure reaches about 27 GPa,
the magnetism completely disappears.
In addition to the experimental results, we also cal-
culated the magnetic moment of NiPS3 under pressures
with an intralayer AFM structure [42]. In Fig. 4(c), the
calculated moments on Ni sites are plotted as a function
of pressure up to 40 GPa for bulk NiPS3. We can see
that the moments on Ni sites are quickly deceased from
15 GPa and quenched around 22 GPa. Its behavior is
consistent with the trend of the area of the two-magnon
changing with pressure in Fig. 4(b). For comparison,
we have also calculated the magnetic moments for the
monolayer NiPS3 (just extend the interlayer spacing in a
double cell along the c-axis) at each pressure. As shows
in Fig. 4(c), the moments on Ni sites almost show a linear
decreasing behavior and are well kept up to 40 GPa, indi-
cating that the AFM state is expected to be stable in the
monolayer limit under high pressure. Similar to the elec-
trical behavior, the magnetic behavior of bulk NiPS3 also
shows 3D characteristics which different from "pure" 2D
(monolayer) NiPS3. These results suggest that the mag-
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FIG. 5: (Color online) Temperature-pressure phase diagram
of bulk NiPS3. The structural, magnetic and electronic tran-
sition as a function of pressure. The pressures corresponding
to the beginning and end of the gradual LP-HP I-HP II struc-
tural transition, the insulator-metal transition (IMT) and the
AFM-PM transition are marked with dotted lines and arrows.
The red points in the figure are the resistance under different
pressures at 300 K, and the blue points are the TN under
different pressures.
netic moments are strongly influenced by the interlayer
interaction.
To get the best understanding of interlayer interaction,
we have calculated the total and projected electronic den-
sity of states (DOS) at 20 GPa for both bulk and mono-
layer NiPS3 (see Fig. S7 in Supplementary Material [38]).
It is shown that the bulk NiPS3 at 20 GPa has a metallic
behavior, while the monolayer NiPS3 has a semiconduct-
ing behavior with a band gap of 0.43 eV. These results
suggest the magnetic moments and electronic property
(metallic or semiconducting) are strongly correlated with
the interlayer distance.
6D. Phase diagram
Fig. 5 shows the temperature-pressure phase diagram
of bulk NiPS3. Two structural transitions are clearly vis-
ible at 15 GPa and 27 GPa, respectively. The structure
below 15 GPa is the LP phase. The phase between 15-27
GPa is the HP-I phase, a transition region of 2D-3D. The
structure above 27 GPa is the HP-II phase. It can be seen
from the phase diagram that the insulator-metal transi-
tion happens at the mixed phase (HP-I phase). The red
point in the figure is the resistance under different pres-
sures at 300 K. As the pressure increases, the resistance
suddenly decreases and metallizes around 20 GPa. The
AFM-PM transition ccurs at the junction of HP-I and
HP-II phases. As can be seen, TN is suppressed progres-
sively to 0 K at 27 GPa, above which the antiferromag-
netic disappears.
III. CONCLUSION
In summary, we report the close correlation among the
structure, electronic and magnetic properties of NiPS3
driven by external hydrostatic pressure. Dimensional
crossover appears not just in structural phase transition,
but also in electronic behavior and magnetism evolution.
Two new phases HP-I and HP-II of NiPS3 are proposed
by ab initio calculations and confirmed by high-pressure
XRD experiment. The change from LP to HP-I struc-
ture is accompanied with a a/3 slip along the a-axis.
The space group is still C2/m, which is an isostructural
phase transition. Compared with the LP phase, the cell
parameters change suddenly in this phase. In particu-
lar, the change in the interlayer distance is most obvious.
As a result, the magnetism of bulk NiPS3 are gradually
suppressed, while the magnetism of the monolayer NiPS3
remains stable. At the same time, bulk NiPS3 completed
the transition from insulator to metal in this phase, while
monolayer NiPS3 is still a semiconductor under high pres-
sure. The structural change from HP-I to HP-II is accom-
panied with a a/2 slip along the a-axis. In the meanwhile,
a 2D-3D crossover occurred in structure, forming a new
space group P 3¯1m. NiPS3 maintains metallic behavior
in this phase. At this time, due to structural changes,
the magnetism of NiPS3 is completely suppressed, and
the magnetic moment on Ni sites becomes 0. Both elec-
trical and magnetic properties show 3D characteristics
different from their "pure" 2D behavior under pressure.
These results suggest these properties are strongly cor-
related with the interlayer distance. The properties of
this compound under pressure are very rich, which pro-
vides a good model for the future research on the physical
properties of other layered magnetic materials.
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APPENDIX: MATERIALS AND METHODS
A. Sample synthesis
Single crystals of NiPS3 were grown by chemical vapor
transport method (CVT). The crystal naturally cleaves
along the (001) surface, forming NiPS3 flakes weakly
bonded by van der Waals force. Amount of high-purity
elements nickel, phosphorus, and sulfur were mixed in
a stoichiometric mole ratio of 1:1:3 (around 1 g in total)
and iodine (about 0.123 g) was used as a transport agent.
These raw materials were sealed into a quartz ampoule
with a length of about 16 cm and an external diameter of
13 mm, and the pressure inside the quartz ampoule was
pumped down to 1×10−4 Torr. Put the quartz ampoule
into a two-zone furnace (680-720 ◦C) and heat it for two
weeks. Cool the quartz ampoule down to room tempera-
ture, and bulk crystals can be obtained on the top of the
quartz ampoule.
B. The high-pressure measurements
The high-pressure four-probe electrical resistance, X-
ray powder diffraction (XRD) and Raman measurements
were performed in diamond anvil cells (DACs). The DAC
made of BeCu alloy with two opposing anvils was used
to generated high pressure. Diamond anvils with 300 µm
culets were used for the measurements. In these experi-
ments, a thin single crystal sample of 10*50*100 µm was
loaded into the sample chamber (D = 100 µm hole) in a
rhenium gasket with c-BN insulating layer, and a ruby
ball is loaded to serve as internal pressure standard. The
ruby fluorescence method was used to determine the pres-
sure. The high-pressure four-probe electrical resistance
7measurement is carried out at High-pressure synergetic
measurement station of synergetic extreme condition user
facility [43].
The high-pressure XRD measurements were performed
at beamline 4W2 at Beijing Synchrotron Radiation Fa-
cility. A monochromatic X-ray beam with a wavelength
of 0.6199 Å was used for the measurements. Silicone oil
was used as pressure-transmitting medium.
The high-pressure and temperature-dependent Ra-
man spectra were collected using a HR800 spectrome-
ter (Jobin Yvon) equipped with a liquid-nitrogen-cooled
charge-coupled device (CCD) and volume Bragg gratings,
for which micro-Raman backscattering configuration was
adopted. A 633 nm laser was used, with a spot size of
5 µm focused on the sample surface. The laser power
was maintained at approximately 1.4 mW to avoid over-
heating during measurements. KBr was used as pressure-
transmitting medium.
The high-pressure infrared experiments were per-
formed at room temperature on a Bruker VERTEX 70v
infrared spectroscopy system with HYPERION 2000 mi-
croscope. A thick NiPS3 single crystal was used and KBr
was used as pressure medium. The spectra were collected
in transmission and reflective mode in the range of 600-
8000 cm−1 with a resolution of 4 cm−1 through a ∼30×30
µm2 aperture.
C. Computational methods
The calculations are performed using the Vienna ab
initio simulation package (VASP) [44] with the projec-
tor augmented wave method [45] and spin polarized gen-
eralized gradient approximation [46] for the exchange-
correlation energy. The valence states 3d94s1 for Ni,
3s23p3 for P, and 3s23p4 for S are used with the energy
cutoff of 550 eV for the plane wave basis set. To simu-
late the interlayer interaction, a 1×1×2 supercell (in AA
stacking including 8 NiPS3 formula) is used with a vdW
correction [47]. An intralayer zigzag antiferromagnetic
structure [42] is set with the interlayer ferromagnetic
coupling. The Brillouin zone is sampled with a 7×4×4
Monkhorst-Pack special k-point grid. Throughout our
calculations with or without pressure, convergence crite-
ria employed for both the electronic self-consistent relax-
ation and the ionic relaxation were set to 10−6 eV and
0.01 eV/A for energy and force, respectively.
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